Comparison of the influence of temperature and different alkali activators on the reactivity of two types of fly ash (conventional, fluidized) was presented. The main emphasis was put on fluidized fly ash as potential component of binding mixtures containing low amount of cement. Conventional fly ash was used as a reference. It was found that for these materials the key differences affecting products of activation are: availability of calcium and sulfate ions as well as structure of fly ash grains influencing dissolution of aluminate and silicate species. Fluidized fly ash, contrary to conventional fly ash, undergoes reaction in 0.1 M solutions of hydroxides forming mainly ettringite. In the case of 4 M hydroxides, both fly ashes undergo hydration processes. Conventional fly ash formed mainly amorphous aluminosilicate gel, while fluidized fly ash may create zeolitic products especially in the case of elevated temperature of early hydration. Sulfate and alkali ions can be incorporated into aluminosilicate structure of new formed products; however, this process depends strictly on the type of used hydroxide and its concentration. The presence of Ca(OH) 2 , carbonates and alkali sulfates was also registered in the case of hydrated fluidized fly ash.
Introduction
Fly ash has been utilized as supplementary cementitious material for decades. Different amounts of this by-product in cement composite can be considered: up to 35 mass% (typical amount), about 50% (high volume fly ash concretes (HVFAC) [1] [2] [3] [4] [5] ) or even 70-80% (very HVFAC [6] [7] [8] [9] [10] ). Moreover, there is also possibility of using fly ash as binding material performed without cement (alkali activated fly ash, geopolymers) [11] [12] [13] [14] [15] [16] [17] [18] .
Geopolymers are composed of aluminosilicates of framework consisting of tetrahedral coordination of Si 4? and Al 3? [11-14, 19, 20] . The negative charges in the three-dimensional aluminosilicate structure are compensated by alkali cations [15] [16] [17] 21] . Despite that the processes of alkali activation of aluminosilicate source materials have been studied for years, their mechanism is not fully understood [17] . In general, formation of geopolymer consists of sequences of dissolution, polymerization, polycondensation and precipitation processes, while dissolution of aluminosilicate source material at early reaction period plays a crucial role. For such transformations, starting aluminosilicate material needs strong alkaline medium and it also often requires elevated temperature. Some researchers pointed out that the presence of calcium components (introduced, e.g., with slag or small amount of cement) in the starting material causes that the development of suitable properties of the final material may be obtained without heat treatment [22, 23] .
It should be noted that not only fly ash but also other aluminosilicate materials [11, 12, 14, 17, 24] , such as different types of slags [25, 26] or metakaolin [26] [27] [28] [29] [30] , can be applied as starting materials for geopolymers. However, fly ashes from different sources [26, 31, 32] , mixtures made of different fly ashes [33] or compositions of fly ash and other materials [34] volume fly ash binders and geopolymers, has been developed. This binding material is composed of high amount of fly ash (at least 70 mass%) and Portland cement. Moreover, it is activated with alkaline media; thus, it can be considered as hybrid cement [7, 8, 10, [35] [36] [37] [38] [39] [40] . It is important that in the case of hybrid cements, alkalinity may increase in situ as a result of chemical reaction, e.g., using Na 2 SO 4 as an activator [5, 7, 38, 39] . Independently from the binding material considered, i.e., hybrid alkaline binder or geopolymer, it is essential to study what happens with aluminosilicate source material in the presence of alkaline activator: what is the way of development of its activity and what types of products are formed. It depends on the type of activator, conditions of hardening and features of the starting aluminosilicate material. Fly ashes can show significantly various properties and chemical compositions depending on technology of combustion, the type of coal, off-gas desulfurization technology, etc. [41] [42] [43] [44] [45] [46] . Thus, there are differences in mechanism of their reactivity in alkaline media as well as in formed products.
In our previous works, we investigated, among others, the reactivity of fly ashes from different sources (conventional and fluidized combustion of coal) in the presence of water and in contact with Ca(OH) 2 [43] . We described the influence of selected chemical admixtures on pozzolanic and hydraulic activities of different fly ashes from conventional combustion of coal [41] as well as the processes of early hydration of pastes containing typical or high amount of fly ash in the presence of selected activators [9, 47, 48] . Preliminary study concerning mechanical and combined (chemical ? mechanical) activation of fly ashcement mixtures, containing 80% of conventional fly ash and 20% of Portland cement, was also performed [10, 49] . Concretes containing 50% of conventional or fluidized fly ash as well as mixture of both of them as replacement of the cement were also investigated [50] . It was found that fluidized fly ash causes higher compressive strength of concrete compared to value registered for sample containing conventional one. Recently, we studied mixtures composed of fluidized fly ash and blast furnace slag as nonclinker binder in which fly ash was considered as activator for slag. Results of investigation of hydration products arising in such systems were presented in [51] . The results are promising and encourage further research of, e.g., activated systems containing a very high amount of fluidized fly ash and a small amount of cement. The knowledge about ways of development of fluidized fly ash activity in low and medium alkaline media as well as the kinds of formed products is important for such utilization of this material.
In this work, systems containing fly ash and solution of hydroxide (without cement) were studied. It was taken into account that such species have more simple compositions than fly ash-cement binders. It makes the influence of alkalinity directly on fly ash possible to observe. However, the presence of cement can, to some degree, change chemical reactions by introducing additional reactive components. Cement can also undergo alkaline activation and some products of its hydration can react with fly ash (e.g., pozzolanic reaction). However, in the case of very high volume fly ash binders, cement is present in low amount only. Therefore, it is important to disclose changes in fly ash reactivity under the influence of alkaline media of different pH.
The aim of this study is to explore the influence of different alkali activators and temperature on the reactivity of two types of fly ash (conventional and fluidized). Fly ash formed in fluidized combustion installation shows significantly different properties compared to commonly used conventional fly ash. Fluidized fly ash has porous, irregular and no-vitreous grains. It contains Ca compounds in form of lime, anhydrite and calcium carbonate. Such properties of fluidized fly ash have been confirmed many times, e.g., in the papers [42, 52, 53] . This material undergoes reaction in the presence of water and has some self-cementing properties [43, 44, 52, 54, 55] . In the paste performed with it, at adequate high pH, ettringite may be formed. Hydrated calcium silicates (C-S-H 1 phase), gypsum and Ca(OH) 2 may be also created [44, [54] [55] [56] . Therefore, this kind of fly ash seems to be interesting as the main component of binding mixture and can develop activity and form solid products at milder conditions of reaction than conventional fly ash. Thus, in this paper, alkali activated conventional fly ash was considered as a reference, while the main emphasis was put on activated fluidized fly ash as potential component of high or very high volume fly ash mixtures.
There are a lot of literature reports concerning the influence of alkaline media on conventional fly ash (e.g., [15, 16, 21, 26, [57] [58] [59] ). There are also attempts of utilizing fluidized fly ash in a geopolymer [13, 53, [60] [61] [62] or alkali activated controlled low-strength material [63] . However, according to our knowledge, fluidized fly ash is not considered as the main component of alkali activated hybrid cement, so far. Moreover, there is rather lack of literature reports involving the impact comparison of the following factors on reactivity of fly ash and formed products: type of fly ash (conventional, fluidized), temperature of early reaction as well as kind of hydroxides used in range of low to moderate concentrations. Such comparison and detailed discussion are presented in this paper.
Materials and methods

Materials
Fly ashes
Both fly ashes used in this research were produced in energy industry as by-products during hard coal combustion. The fly ash, denoted in further part of this paper as PK, came from conventional pulverized combustion. The second type of fly ash, marked further as PF, came from fluidized combustion installation.
Average oxide composition (main components) of PF and PK, the shape of their grains and pH value of water extracts (water to fly ash ratio equal 10: 1) are presented in Fig. 1 . It can be seen that both fly ashes significantly differ in morphology of their grains. They are mostly spherical in the case of PK (it is a typical shape of grains for conventional pulverized fly ash) while PF is composed of grains which are irregular rather than spherically shaped. That is why PF exhibits higher water demand than PK. Both fly ashes have similar content of main constituents recalculated into oxides (i.e., SiO 2 ? Al 2 O 3 ? Fe 2 O 3-[ 75 mass%); however, the amount of SiO 2 is slightly higher, while the amount of Al 2 O 3 and Fe 2 O 3 is lower for PF compared to PK. Moreover, for PF the content of CaO and SO 3 is, respectively, about two times and about five times higher, compared to composition of PK. Water extracts for the both materials are alkaline (pH above 11). 2 X-ray diffraction patterns, IR spectra and TG/DTG results for PK and PF are presented in Figs. 2-4, respectively. There is a need to discuss these results here to make comparison of the results for raw and activated fly ashes as well as analyzing the process of their chemical transformations easier.
X-ray diffraction pattern (Fig. 2) shows the presence of quartz and mullite as the main crystalline components of PK; thus, it confirms results presented by us previously for conventional fly ash [41, 42] . In the case of PF, the presence of quartz is also visible; however, mullite is not present as a result of lower temperature of coal combustion. Moreover, PF contains anhydrite and calcite. Hematite is visible in PF, similarly as in PK. In the case of PF, the presence of crystalline aluminosilicate phase, probably type of muscovite, is registered. X-ray diffraction patterns confirm general differences in composition of fly ashes coming from conventional and fluidized combustion, and the results agree with literature data, e.g., [42, 51, 52, 54, 55] .
IR spectra (Fig. 3) show very intense absorption bands located at range of wavenumbers from about 900 cm -1 to about 1300 cm -1 with extreme at 1067 cm -1 (for PK) and 1082 cm -1 (for PF). This effect is connected with vibrations of Si(Al)-O bonds (asymmetric stretching vibrations [58] ) in silica and aluminosilicate phases. The band is related to overlapped effects characteristic for the following components of fly ashes: quartz (1150 cm -1 [57] ), mullite (for PK only, 1180-1130 cm -1 [57, 58] , the presence of mullite is also confirmed by band at about 555 cm -1 [21] ) as well as amorphous silica which presence is confirmed by relatively large half-width of the band. Typical doublet for quartz is observed for both fly ashes at about 795 and 776 cm -1 [21] . A band at 457 cm -1 may be ascribed to bending vibrations of Si-O-Si in SiO 4 tetrahedra [58, 59] . In the case of PF, expected absorption band at about 1100 cm -1 related to SO 4 2-(three bands at 1200-1000 cm -1 in the case of anhydrite [64] ) is not visible separately because it overlaps with the main broad fly ash band. However, several other bands of smaller intensity confirm the presence of calcium sulfate in form of anhydrite: 679, 612 and 595 cm -1 [46, 64] . A few effects of small intensity show the presence of carbonates (CaCO 3 ) in PF: a band at about 1410 cm -1 and probably also a shoulder at about 880 cm -1 . The bands related to the presence of water (broad band with extreme at above 3440 cm -1 and weak band at 1604 cm -1 ) are more intense for PF compared to PK. These results of reinvestigated fly ashes agree with the previously presented [41, 45] .
TG/DTG curves registered for PK (Fig. 4a ) disclose the presence of unburned carbon (the mass loss at temperature 500-730°C in the case of measurements carried out in airoxidizing atmosphere). In the case of nitrogen (inert) gas 2 PK fly ash of the same average oxide composition was previously used in our works [9, 45, 48, 50] , PF fly ash in [45, 50] .
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atmosphere, the mentioned mass loss is not observed while smaller continuous mass loss is registered at higher temperatures starting from 750°C [41] . It is probably the effect of reduction of small amount of CaSO 4 and Fe 2 O 3 with carbon and release of CO 2 in these reactions [65] . Very small effect up to 100°C confirms that PK almost does not contain free water. TG/DTG curves for raw PF (Fig. 4b ) registered in nitrogen atmosphere show three main mass losses: first to 300°C is about 1.5%, second from 300 to 550°C is only about 0.5%, while from 550 to 1000°C (the highest mass loss) is almost 9% (percentages with respect to initial mass of sample). Small mass loss at lower temperatures results mainly from evaporation of the adsorbed water from porous structure of fly ash grains. In the case of measurement in inert atmosphere, two effects of mass losses can be separated at high temperatures: mass loss at 550-650°C-decomposition of carbonates (CaCO 3 ), and mass loss above 700°C-reduction of CaSO 4 with carbon [65, 66] . Reduction of iron oxide is an another reaction that may occur at high temperature [65] . The interpretation presented above was confirmed by the course of TG and DTG curves registered in air. In the case of presence of oxygen, carbon is burned (similarly as for PK). This process is visible as significant mass loss at temperature above 500°C. This effect partially overlaps with mass loss related to decomposition of carbonates. Above 730°C there is lack of changes of mass in contrast to results registered in nitrogen. In such conditions reduction of CaSO 4 is not possible.
Chemical reagents
Two chemical reagents of analytical purity were used as alkaline activators: NaOH and KOH. Solutions of different concentrations of these hydroxides were performed: 0.1 M (low concentration) and 4.0 M (moderate concentration). We described the second concentration (i.e., 4.0 M) as moderate alkali one taking into account that much higher concentrations of hydroxides are usually used to create geopolymers, e. 
Preparation of fly ash pastes
Fly ash pastes were performed by hand mixing adequate mass of fly ash and water solutions of hydroxides (0.1 M NaOH, 0.1 M KOH, 4 M NaOH, 4 M KOH). Two types of fly ash were used: PK and PF. The mass ratio of liquid to solid was 1: 1. Fly ash pastes were tightly closed in small polyethylene forms (cylindrical shape and volume of about 30 cm 3 ) and kept under different temperature conditions:
• part of the samples was stored at room temperature, • second part was kept at 60°C during 24 h and at room temperature during the next days.
After eight days, hydration processes of all the samples were stopped by the use of acetone [9] .
Methods of investigations
Thermal analysis was conducted using SDT 2960 Thermoanalyser (TA Instruments) at temperature range 20-1000°C (heating rate 10°C min -1 ) and at nitrogen atmosphere (analyses of some samples were additionally performed at static air). Open alumina crucible was used; Al 2 O 3 (corundum) was used as a reference. The sample mass was 9-13 mg. TG and DTG curves were registered.
IR spectra were collected by FTIR spectrophotometer Genesis II (Mattson) at 4000-400 cm -1 wavenumbers. Samples were prepared as KBr pellets.
X-ray diffraction patterns were recorded using Cu-Ka radiation on a Bruker D8 Advance diffractometer. 
Results and discussion
Low concentrated solutions of hydroxides
As one might expect, the pastes made with conventional fly ash do not undergo reaction in 0.1 M hydroxides, similarly as in the case of contact with water [43] . Solutions of 0.1 M NaOH and KOH provide pH = 13; thus, it was higher than pH of water-PK extracts ( Fig. 1) . However, TG/DTG results (Fig. 5) show only very small mass loss resulting from evaporation of water (less than 2% till 500°C). The increase in the temperature of early hydration also has no significant effect on the reactivity of PK. The shapes of TG and DTG curves registered for raw PK ( Similar conclusions can be drawn from IR spectra (Fig. 6 ). The registered results are almost the same as for raw PK (Fig. 3 ) irrespective of temperature of early reaction and type of liquid medium. Weak bands indicating the presence of carbonates (1415-1450 cm -1 ) and water (3420-3450 cm -1 , 1615-1650 cm -1 ) appear. Only for the sample activated with 0.1 M NaOH, the presence of water bound in hydrates as well as some displacement of the main absorption band toward lower wavenumbers are visible (changes of position of the extreme of the band from about 1070 cm -1 ( Fig. 3 ) to about 1035 cm -1 ). It confirms TG/DTG results and indicates that in the presence of NaOH, dissolution of aluminosilicate species from fly ash and then formation of gel products happen a little easier than in the presence of KOH.
Summarizing, PK, due to its chemical and mineralogical composition, can react only to a very small degree and it does not show self-cementing properties. Solutions of the hydroxides used exhibit too low alkalinity to dissolve the grains of PK fast and in high amount which is necessary for transformation into hardened products.
Hydroxide solutions of moderate concentration
In the case of moderate concentration of solutions of hydroxides (4 M), used in this research, one should expect that the final material includes unreacted ash and reaction products (sodium or potassium aluminosilicate gel and/or crystalline aluminosilicates). Increasing concentration of hydroxide solution provides better conditions for dissolution of silicate and aluminate species from aluminosilicate source material. Generally, the ability to dissolve of aluminosilicate material increases along with the concentration of alkali solution [11] . In the case of high concentration of OH -, polycondensation was hindered and aluminosilicate gel precipitates in the early stages [19] .
Considering the above, it is not a surprise that the reaction degree of PK is higher when solutions of 4 M concentration are used compared to 0.1 M hydroxides. This is confirmed by the results of thermal studies (Fig. 5) as well as IR spectra (Fig. 6 ). In the case of 4 M solutions, significantly higher amount of water is bound in comparison with the situation when low concentrations of hydroxides were used (Fig. 5) . PK fly ash hydrated at room temperature exhibits the presence of reaction products which can evaporate mainly to about 100°C (evaporation of loosely bound water from aluminosilicate gel). In the case of sample kept at elevated temperature (60°C/24 h) smaller mass loss connected with the presence of bound water is observed compared with results of paste hydrating in lower temperature. Moreover, the mass loss occurs at broader temperature range (mainly to about 300°C). It may indicate that higher temperature of reactions favors the polycondensation processes. Moreover, similar courses of TG/DTG curves recorded for 4 M NaOH and 4 M KOH show that not the kind of cation but rather the temperature of early hydration is crucial to amount of bound water and formed products in the analyzed case.
Occurrence of chemical reactions under the influence of 4 M hydroxides solutions is also confirmed in IR spectra. It is clearly visible comparing the IR results presented in Fig. 3 and in Fig. 6 . In the case of PK paste, the main absorption band becomes sharper and its extreme is shifted to lower wavenumbers. Such changes of position of the band confirm the modification of chemical bonds in the aluminosilicate material. Amorphous phases of fly ash undergo reactions with hydroxides, and alkaline aluminosilicate gel is formed [59] . For samples hydrating with NaOH, the band with extreme at about 1005 cm -1 confirms the formation of sodium aluminosilicate gel (N-A-S-H) [57, 67] . In the case of sample hydrated in the presence of KOH, the band is placed at about 1010 cm -1 for sample reacting at elevated temperature and at about 1040 cm for sample kept at room temperature. Such variability of position of the main absorption band shows the influence of cations on the networks and formation of aluminosilicate gel of different Si/Al ratio. Location of the band at higher wavenumbers indicates that reaction products contain higher amount of Si compared to gel for which the band is located at lower wavenumbers (higher Si/Al ratio) [58, 59] . Broad band of stretching vibrations of water molecules and middle band of bending vibrations are also visible. There are small differences in the shape of this band registered for samples reacting in the presence of different hydroxides (e.g., a presence of shoulder at about 3000 cm -1 that is visible in the case of PK reacting in 4 M NaOH, but is not observed in the case of 4 M KOH). Clear absorption bands of carbonates at 1400-1500 cm -1 can also be observed. Their different positions and shapes indicate dependence of the formed carbonates on type of hydroxide solution.
Comparison of the results with those obtained for samples hydrating in 0.1 M solutions shows that higher hydroxides concentration promotes carbonation processes. This process can take place rapidly at early stages of hydration [21] . As the investigated systems are poor in calcium, carbonate or bicarbonate salts of alkali may appear (in contrast to Portland cement paste in which CaCO 3 is created). A little alteration in nanostructure of N-A-S-H gel may also take place [68] . In the case of PK paste with 4 M NaOH two bands were registered: at about 1455 and smaller at about 1415 cm NaOH there are: weak band at about 740 cm -1 probably connected with octahedral Al [69] , and band at about 690 cm -1 (stretching vibrations of Si-O-Al [32] related to new aluminosilicate product). In the case of 4 M KOH, for sample reacting at room temperature, band at 830 cm -1 (probably tetrahedral Al-O stretching [69] ) and at 670 cm -1 can be seen. Exemplary X-ray diffraction patterns (Fig. 7) collected for pastes hydrated in initially elevated temperature (60°C/ 24 h) show that results for PK paste are very similar to effects registered for raw fly ash (Fig. 2) . The presence of quartz and mullite is visible confirming that these phases hardly reacted in 4 M solutions of hydroxides. There is no evidence of new crystalline products which could happen due to the presence of high pH solutions and elevated temperature. It confirms, in connection with other research results, that mainly amorphous aluminosilicate gel is formed.
Summarizing, PK fly ash, which does not react significantly in 0.1 M solutions, exhibits its reactivity in moderate (4 M) alkaline media. Amorphous aluminosilicate gel containing loosely bound water and carbonated phases are formed. Under the adopted research conditions, some amount of fly ash remains unreacted, crystalline quartz and mullite especially. 
Low concentrated solutions of hydroxides
The results presented in this work proved that PF, in contrast to PK, exhibits reactivity in the presence of 0.1 M solution of hydroxide.
Thermal analysis results presented in Fig. 8 show that in the presence of 0.1 M solutions, PF forms hydration products which, especially for samples stored at room temperature, lose mass during heating mainly at temperature about 100°C. The mass loss characterizing this process is relatively high in the case of 0.1 M NaOH (about 6.5% till 100°C and about 3.7% between 100 and 500°C for sample stored at room temperature). Position of the main DTG peak (near 100°C) and the shape of TG (rapid mass loss at about 100°C) indicate that ettringite [54, 70] is the main product of hydration. However, at similar temperatures, C-S-H phase undergoes dehydration; thus, these effects can overlap. Gypsum may also dehydrate at similar (slightly higher) temperature range, but the effects of its dehydration are not clearly visible (they may be overlapping with other mass loss processes). Low intensity effect observed on DTG curves at about 110°C may indicate small amount of gypsum in the sample [54] . Dehydration of hydrated aluminosilicate and monosulphate phases is expected at higher temperatures. It is also visible in Fig. 8 that in adopted conditions of research, in the case of PF hydrated in KOH solution, mass loss corresponding to amount of water bound in hydrates is lower than in the case of NaOH. Moreover, in the case of PF hydrated in 0.1 M NaOH the effect of dehydration observed on DTG at about 100°C moved to slightly higher temperature compared to PF hydrated in 0.1 M KOH. It may not only be the effect of higher amount of water bound in ettringite-type phase but also the formation of greater amount of C-S-H in the presence of NaOH of low concentration, both for samples cured at room and at elevated temperature. This may be explained by higher solubility of aluminosilicate network in solution of NaOH, compared to KOH, and in this way better formation of hydrated products. Such information concerning higher extent of dissolution of different aluminosilicate materials when NaOH was used instead of KOH, may be found in several reports [11, 12, 14, 71] .
Mass loss at about 400-500°C, which would suggest the presence of Ca(OH) 2 as a result of hydration of free CaO, is not separated on DTG as visible effect. It shows that available CaO reacted during 8 days of hydration and calcium sulfoaluminates (ettringite), calcium silicates and calcium aluminates could be formed.
Distinct mass loss at temperature above 500°C is a result of the presence of CaCO 3 and sulfates in the PFpaste sample (similar thermal effects as in the case of raw PF fly ash, Fig. 4b ). In the case of hydrated PF, the mass loss at above 700°C comes from the presence of nonreacted anhydrite as well as release of this compound from thermal decomposition of ettringite [72] . This is why the effect of mass loss related to reduction of anhydrite with carbon is not significantly decreased despite binding some amount of anhydrite in sulfoaluminates.
Comparison of TG/DTG results for samples hydrated in different temperatures shows that when reactions take place at 60°C for 24 h, the formed products characterize by lower amount of bound water compared to those formed at room temperature. It is especially visible for sample PF ? 0.1 M NaOH and indicates the influence of temperature on the formed products.
IR spectra (Fig. 10 ) and X-ray diffraction patterns (Fig. 11 ) also confirmed reactivity of PF in the presence of low concentrated hydroxides. Broad and intense band (Fig. 10) at wavenumbers from 3000 to 3700 cm -1 with extreme at about 3420 cm -1 and with some shoulders from the side of higher wavenumbers are visible (stretching vibrations of water molecules). Band of small intensity with an extreme at 1620-1635 cm -1 (deformational vibrations of H-O-H) is also observed. The main absorption band changes its shape compared to raw PF fly ash. In this broad band, an extreme at about 1105 cm -1 (antisymmetrical stretching vibrations of SO 4 2-groups [73] ) and shoulder from the side of lower wavenumbers are visible. It may indicate the presence of ettringite-like phases [73] and initiation of transformations in aluminosilicate phases. The shoulder (at about 1040 cm -1 ) at the main band is slightly more pronounced for samples kept at elevated temperature for 24 h, which may indicate that raising temperature at early hydration periods favors reactions in aluminosilicate phases under alkaline conditions. The bands typical for anhydrite (at about 680, 612 and 595 cm -1 ) and quartz (at 778 and 797 cm -1 ) are visible. It confirms that quartz remains unreacted and some amount of CaSO 4 is still available for reaction in further periods. This occurs due to the fact that CaSO 4 is probably in form of anhydrite II which is slightly soluble and reacts very slowly with water [74] . It can be seen, however, that for PF hydrated in 0.1 M NaOH these bands, characteristic for anhydrite, lost their intensities and, in the case of sample which was stored at room temperature, they almost disappeared. Band at about 1445 cm -1 together with sharp effect at 875 cm -1 confirms the presence of carbonates. X-ray diffraction patterns (Fig. 11) confirm that ettringite is formed in the systems in the presence of 0.1 M NaOH as well as KOH of the same concentration. The presence of non-reacted anhydrite is also registered which confirms conclusions from IR spectra. It is also visible that some amount of this component was transformed into gypsum. The effects indicating the presence of some other unreacted components coming from raw PF are also visible: quartz, hematite, calcite and small amount of crystalline aluminosilicate phase. There are no effects, both in X-ray diffraction patterns and in IR spectra, indicating the presence of Ca(OH) 2 . This compound did not precipitate. It confirms conclusions from thermal analysis.
Summarizing, one can state, that in the case of low concentrated solutions of alkali hydroxides, qualitative compositions of hydrated PF are similar despite different temperature of early hydration and various alkali cations in hydroxides. However, quantitative composition of samples may differ.
Higher reactivity of PF compared to PK in low concentrated solutions of hydroxides results from different chemical composition and dissolution ability of particular components. One can conclude that in the case of the investigated fly ashes, the key difference influencing products of hydration is availability of calcium and sulfate ions as well as structure of grains affecting the rate of aluminate and sulfate dissolution. Fly ashes used in this work are characterized by alkaline pH of water solution (pH above 11, Fig. 1 ), which may initiate dissolution of some components. Treating these fly ashes with solutions of hydroxides can rise pH of reaction medium and might provide alkaline conditions for further transformations. Especially, porous aluminosilicate materials of high reactivity, such as PF, contrary to the vitreous spherical grains of PK, may undergo dissolution in such conditions. One would expect that raising temperature at early hydration periods can accelerate reactions in such a way that the same products but in higher amount can be formed. However, for example, while at room temperature ettringite is mainly formed, at elevated temperature the amount of ettringite may be lower and hydrated aluminosilicates are created, as it was evidenced in TG/DTG measurements. It may be caused, among others, by differences in solubility of particular compounds under different temperature and pH. Generally, it is known that solubility of most of chemical compounds in pure water rises as temperature grows up. Thus, at elevated temperature of early reaction and in the presence of NaOH, aluminate and silicate ions move into solution easier than at room temperature. One can expect that aluminate ions appear in greater amount compared to silicate ions, because Al-O bonds exhibit lower bonding energy than Si-O and they are weaker and easier break than Si-O [57, 58] . However, it is well-known that solubility of CaO decreases at higher temperatures. Moreover, at increasing temperature, sulfate ions can be less available for ettringite formation because of their incorporation in C-S-H-type products [75] . This all could provide conditions which favor the creation of amorphous hydrates of aluminosilicates or other products containing lower amount of bound water than ettringite.
It was found that not only temperature but also the type of cation influences the formed products. Na
? and K ? ions may incorporate into the structure of hydrated products [21] . Moreover, in the case of PF, which in contrast to PK contains porous aluminosilicate grains, the activators may contribute to dissolution processes despite low concentration of solutions of hydroxide. It was mentioned above that solubility of aluminosilicate grains may be better in the case of NaOH compared to KOH. In the adopted conditions of the experiments, ettringite-type phase seems to be preferably formed in the presence of NaOH, possibly as an effect of better availability of aluminate ions. On the other hand, increasing solubility of aluminosilicate species in the presence of NaOH can lead to precipitation of higher amount of C-S-H-and C-A-S-H-type products. Because of overlapping dehydration effects for these phases as well as formation of amorphous products, it should be assumed that all of them may be responsible for a larger mass loss recorded at about 100°C.
In general, increasing alkalinity favors retardation of ettringite formation. However, the effects of sodium or potassium and sulfate ions on the created products strictly depend on relative concentrations of these components [76] . For example Chindaprasirt et al. [62] observed ettringite in the case of hydration of fluidized fly ash in the presence of additional amount of Al(OH) 3 and high concentration (10 M) of NaOH, while it was not found in the case of 15 M NaOH. Brown and Bothe [77, 78] stated that in the case of hydration of tricalcium aluminate, tricalcium silicate and gypsum, ettringite is not formed in the presence of low concentration (0.5 M) of KOH and at elevated temperature.
Moderately concentrated solutions of hydroxides
Comparing the results obtained for PF reacting in 0.1 M and 4 M solutions, one may observe that in the presence of higher concentration some new formed phases appear while ettringite is not visible. Moreover, in the case of 4 M hydroxides, influence of type of cation as well as temperature of early hydration are more pronounced.
Thermal analysis results (Fig. 8 ) disclosed that mass loss registered up to 200°C is similar for samples hydrated in 4 M NaOH, 4 M KOH as well as 0.1 M NaOH. However, reaction products created at solutions of higher alkalinity dehydrate at lower temperatures compared to products formed in low concentrated hydroxides. In the case of more alkaline media, aluminate and silicate species are easily dissolved and aluminosilicate gel is formed. Moreover, because of easier dissolution of aluminosilicate matrix, one can expect that in the presence of 4 M hydroxides the ratio of aluminate to sulfate ions in the solution is higher than in the case of processes occurring in Fig. 11 X-ray diffraction patterns for PF after hydration in solutions of hydroxides, a samples hydrated at room temperature, b samples hydrated at 60°C for 24 h and at room temperature for next days (*-muscovite, -quartz, -anhydrite, #-hematite, -calcite, -K 2 SO 4 , x-Na 2 SO 4 , -gypsum, -Ca(OH) 2 , Y-Na 4 (SO 4 )(CO 3 , SO 4 ), burkeite, -ettringite, -potassium carbonate hydrate, -zeolite, sodium aluminum silicate hydrate, -zeolite, calcium aluminum silicate hydrate)
hydroxides of low concentration. Alkalinity is also higher. In such conditions ettringite-like phases are not formed. One of the reasons is the fact that stability of ettringite is dependent on pH [77, 79] . In the case of high alkaline solution, rather less crystalline phases of monosulfate and U-phase (sodium-substituted AF m phase) [7, 79] or syngenite (in the case of KOH used) [78] are formed. It is also possible that sulfate ions were partially incorporated in the structure of aluminosilicate gel. Similar mechanism has also been suggested by other authors [80] .
Comparison of the mass loss (up to 200°C) for samples performed with PK (Fig. 5) and PF (Fig. 8) shows that in the presence of PF the amount of bound water is lower regardless of temperature of early reaction period. It may be, once again, related to the type of formed products containing different amount of water. Basing on information given in [81] one may state that the increase of amount of aluminate species causes faster condensation rate. It happens because reactions of condensation are initiated by Al [22] . Thus, basing only on oxide chemical composition ( Fig. 1 ) of both investigated fly ashes, one may expect higher degree of condensation in the case of PK fly ash which contains a little higher amount of aluminate components than PF. However, in the case of PF these components are better available for reaction because of porous and non-vitreous structure of grains.
At about 420°C, samples of PF hydrated in 4 M solutions of hydroxides exhibit small effect of mass loss on TG and DTG curves. This proves the presence of Ca(OH) 2 which precipitated under influence of high alkaline media. The effect is not observed in the case of PF after reaction in 4 M NaOH at early elevated temperature. Initially, in PFhydroxides pastes, Ca 2? moves into the solution and then it precipitates in form of Ca(OH) 2 , similarly as it was observed by Panagiotopoulou et al. in the case of slag [71] . The presence of Ca(OH) 2 , which was not observed for pastes hydrated in 0.1 M solutions, suggests that in the case of higher concentrations of hydroxides, NaOH (KOH) reacts with CaSO 4 improving its solubility. Na 2 SO 4 (or K 2 SO 4 , respectively) may be formed in this reaction and slightly soluble Ca(OH) 2 can precipitate [62, 82] . In the case of 4 M NaOH (60°C/24 h) the absence of Ca(OH) 2 indicates higher degree of reaction and involvement of calcium in aluminosilicate products.
At temperatures above 550°C an intense mass loss is observed. A few processes can occur at this temperature range, i.e., decomposition of CaCO 3 (at 600-700°C) and reduction of sulfates and Fe 2 O 3 (at higher temperatures), similarly as in the case of raw PF (Fig. 4b) and PF after reaction in 0.1 M solutions (Fig. 8) . It is visible that concentration of hydroxide and its type influence mass loss and shape of DTG at this high-temperature range. Relatively small mass loss is observed at about 600°C and a bigger mass loss at higher temperatures. This effect above 750°C is especially visible in the case of PF hydrated in KOH solution (clear DTG peak at temperature near 900°C). This mass loss may be an effect of the presence of sulfates (including also K 2 SO 4 ) in the sample and their reduction with carbon. Another processes occurring in this temperature range can be related to the presence of carbonated hydroxides (alkaline hydroxides are easily carbonated with CO 2 from air). Both of the types of components (sulfates, alkali carbonates) can give mass loss at high temperatures. In general, alkaline carbonates are stable at high temperatures and do not decompose or only slightly decompose at temperature up to 1000°C. Kim and Lee [83] reported that pure Na 2 CO 3 starts to undergo very slow decomposition at temperatures higher than its melting point (850°C). However, in the presence of carbon black the rate of decomposition process of Na 2 CO 3 is enhanced as a result of reaction between this carbonate and carbon at temperatures above 800°C [83] . Pure K 2 CO 3 is stable up to temperature about 900°C (melting point), and it can volatilize near this temperature [84] . Exemplary TG/DTG results registered at temperature range above 300°C for PF-4 M KOH paste at both oxidizing and inert atmosphere (Fig. 9) indicate that high temperature processes involving carbon are responsible for this observed significant mass loss.
X-ray diffraction patterns (Fig. 11) confirm appearance of some amounts of Na 2 SO 4 and K 2 SO 4 in the samples in the presence of NaOH and KOH, respectively, while IR spectra (Fig. 10) show changes in carbonate phases under influence of hydroxides of moderate concentration. These both techniques also confirm precipitation of some amount of Ca(OH) 2 as well as changes in aluminosilicate matrix. The presence of non-reacted quartz is also visible.
X-ray results (Fig. 11) show that reaction processes go differently in the presence of various hydroxides as well as at different conditions of early hydration. In the case of PF hydrated in 4 M NaOH at early elevated temperature, the presence of zeolites type of calcium aluminum silicate hydrate and sodium aluminum silicate hydrate are visible. Creation of such products is important, e.g., from the point of view of durability of material containing PF as well as possibility of its utilization, for example for immobilization of heavy metals [85, 86] . In the case of PF hydrated in 4 M NaOH but at room temperature crystalline aluminosilicate products are not formed (weak effect at 2h about 9.6 may indicate initiation of formation of such reaction product but it is difficult to identify it). For both temperature conditions of reaction, the presence of anhydrite and gypsum is not visible. The presence of Na 2 SO 4 is registered for sample kept at elevated temperature, but it is poorly differentiated. It indirectly confirms that sulfate ions are incorporated into amorphous aluminosilicate gel; however, double sodium salts type of burkeite may also be formed. Information about incorporation of sulfate ions in products type of C-S-H (for example by adsorption) [75] or in polymeric network of geopolymer-type gel [80] can be found in the literature. The presence of precipitated Ca(OH) 2 is not visible in the case of sample hydrated at elevated temperature, while it is clear in the case of paste held at room temperature. Such results confirm findings obtained from TG/DTG curves.
In the case of PF treated with 4 M KOH, crystalline aluminosilicates are not formed. The presence of syngenite is also not confirmed. It is visible that crystalline K 2 SO 4 (in the presence of 4 M KOH) is formed in clearly bigger amount than Na 2 SO 4 (in the presence of 4 M NaOH). Potassium carbonate hydrate may also be created. Thus, one can conclude that Na ? ions are preferably incorporated in solid aluminosilicate products while K ? ions more preferably form other salts, K 2 SO 4 especially. In the case of 4 M KOH, the presence of crystalline gypsum is visible. It was also confirmed, for both used hydroxides, that crystalline ettringite is not formed in adopted conditions.
The presence of Ca(OH) 2 is confirmed in X-ray diffraction patterns for PF ? 4 M KOH both for hydration at room temperature as well as at 60°C/24 h. Thus, this component can react in a later period of hydration process, similarly as in the case of PF ? 4 M NaOH hydrated at room temperature. In the case of PF hydrated in 4 M NaOH at early elevated temperature, the reaction processes are more advanced and Ca 2? was incorporated into aluminosilicate forms, zeolitic type as well as probably also in amorphous phases type of C-A-S-H or C-S-H. Sodiumbased zeolite can be formed in such conditions. Obtained results confirmed that zeolite formation is preferred in the case of sodium activation unlike potassium activation [28] . The effect of temperature also cannot be ignored (higher temperature favors crystallization).
IR spectra (Fig. 10 ) registered for PF pastes hydrating in the presence of solutions of 4 M KOH and 4 M NaOH also confirm that this type of fly ash reacts in different ways compared to conventional fly ash; moreover, the differences resulting from type of hydroxide are more pronounced than in the case of PK. The main absorption band moves to lower wavenumbers, similarly as in the case of PK, confirming transformations in aluminosilicate phases. In the case when PF reacts in 4 M NaOH, the main sharp extreme is located at about 993 cm -1 for sample hydrated at elevated temperature and at about 1005 cm -1 for sample stored at room temperature. This shifting of the main band position may indicate increased incorporation of Al 3? and Ca 2? into tetrahedrally coordinated framework [87] . The effect visible at about 1105 cm -1 may be related to sulfate phases (vibrations of SO 4 2-groups) or quartz (Si-O-Si vibrations). The latter one is additionally confirmed by the presence of doublet at 800-770 cm -1 . The differences in shape of the band of stretching vibrations of water molecules confirming differences in hydration products are also visible. Additional peak at 3642 cm -1 indicates the presence of Ca(OH) 2 . The exception is sample with 4 M NaOH stored at elevated temperature (similarly as in the case of TG/DTG and X-ray results). Because of the presence of Ca(OH) 2 in the samples, formation of C-S-H phase together with N(K)-A-S-H gel may be expected; however, this cannot be proven by FTIR spectra because of overlapping of absorption bands (typical band position of C-S-H gel is about 970 ± 5 cm
and it shifts toward lower wavenumbers with increase of Ca/Si ratio [67] ). Similarly as in the case of PK treated with 4 M solutions, in the case of PF a new band at about 715-730 cm -1 appears. This band is more pronounced for PF samples compared to PK which may indicate that more aluminosilicate Al-rich and/ or Ca-rich products were formed. The presence of intense band at 993 cm -1 as well as a new band at 730 cm -1 are characteristic for alkaline aluminosilicates [15] . One more band at about 617-620 cm -1 appears. Most likely it is connected with the presence of sulfate products, e.g., K 2 SO 4 in the case of sample treated with KOH. However, location of this band (about 620 cm -1 ) as well as the band at about 730 cm -1 may also be connected with the presence of zeolitic forms (vibrational bands of O-Si-O bonds zeolite species) [21] . It is especially probable in the case of PF hydrated in 4 M NaOH (60°C/24 h) for which X-ray analysis indicates only traces of Na 2 SO 4 and the presence of calcium and sodium zeolites.
Different types of alkaline activators also influence carbonate phases as it was mentioned above. It is evidenced by shape of carbonate bands. In the case of PF treated by 4 M NaOH, there are likely calcium carbonate together with sodium carbonate, which is indicated by extreme of the most characterized band at about 1450 cm -1 and band at about 875 cm -1 . The band at 1450 cm -1 is typical for alkaline carbonates [21] , Na 2 CO 3 in this case. In the case of sample with KOH two bands at about 1463 and 1405 cm -1 and a band at 869 cm -1 are observed indicating the presence of hydrated potassium carbonate. In the case of conventional pulverized fly ash, amorphous aluminosilicate gel containing loosely bound water appears. In the case of fluidized fly ash, reaction process is more advanced and the formed products are characterized by higher degree of condensation of aluminosilicate species. Elevated temperature of early reaction favors polycondensation processes. 6. In the case of fluidized fly ash treated with 4 M hydroxides, contrary to the 0.1 M solutions, formed products strictly depend on the type of hydroxides and temperature of early hydration. Anhydrite and aluminates are better soluble in high alkaline media as compared to solutions of low concentrations; however, ettringite is not formed in such conditions. Sulfate ions are incorporated into other hydration products. Ca(OH) 2 , which may undergo further reaction in later hydration periods, precipitates. 7. The best conditions of reaction of fluidized fly ash are: elevated temperature of early reaction and 4 M NaOH. In such conditions not only amorphous aluminosilicate gel but also zeolites type of sodium aluminum silicate hydrate and calcium aluminum silicate hydrate are formed. Small amount of Na 2 SO 4 and carbonated forms are created. In the case of 4 M KOH, both at room and at elevated temperature, zeolitic products are not present, while K ? ions formed K 2 SO 4 and potassium carbonate hydrate. 8. This work may be considered as preliminary research (the first step) for alkali activated hybrid cement containing very high amount of fluidized fly ash and low amount of cement. It seems to be beneficial to continue the research to explain influence of alkali activators on mixture fluidized fly ash-cement. 
